The current study aims to investigate cenosphere formation during single droplet combustion of heavy fuel oil (HFO). A droplet generator was developed to produce freely falling monodisperse droplets uniformly. With the aid of high-speed imaging, droplet diameter was verified to be well controlled within the range of 390~698 μm, and droplets spacing distance was sufficient to avoid the droplet-droplet interactions. Impacts of operation conditions (initial HFO droplet size, temperature, and air co-flow rate) and asphaltene content on cenosphere formation in a drop tube furnace were then investigated. Three types of cenosphere morphology were observed by a field-emission scanning electron microscopy (SEM), namely larger hollow globules, medium porous cenospheres, and smaller cenospheres with a perfectly spherical and smooth structure. The SEM image results show the mean diameter of collected cenospheres increased as initial droplet size and asphaltene content increased, while it decreased as temperature and air co-flow rate increased.
Introduction
Heavy fuel oil (HFO), as a byproduct from the crude oil refining process, is a cost-efficient and conventional fuel for industrial boilers, furnaces, and marine engines [1] [2] [3] . As one of the world's largest oil producer, Saudi Arabia has a considerable HFO output (26 Mt in 2016 4 ), most of which is used for power generation, and besides, Saudi Arabia plans to newly increase a total capacity of HFO fired power plants by over 8 GW by 2019 5 , to switch away from direct burning of crude oil in the power sector. Although less attention has been paid to HFO combustion field due to development of the alternative fuels worldwide in recent years, there is an immediate need for enhanced research on HFO combustion as relevant to Saudi Arabia.
With the increasingly stringent environmental requirements worldwide, gas pollutant and particulate emissions from HFO combustion become a primary concern. As a result of the refining process, HFO consists of a considerable amount of pollutant elements (particularly sulfur) and macromolecule coke precursor hydrocarbons 6, 7 . Thus, HFO combustion produces a large number of spheroidal particulates known as cenospheres resulting from incomplete combustion of the coke precursor compounds 8 , with diameters ranging from single digit to a few hundred microns.
Cenosphere formation not only brings operational problems such as slagging, fouling and erosion to downstream devices, but also reduces the total combustion efficiency due to a considerable fraction of the unburned carbon contained in cenospheres. Furthermore, cenosphere emissions could result in air pollution that brings great harm to human respiratory health 9, 10 . Thus, there are important implications to gain deep insight into the fundamental knowledge of cenosphere formation during HFO combustion.
Generally, HFO will be atomized as fine droplets for combustion, whereas it is too complicated to study the detailed process of cenosphere formation owing to a complex flow field and considerable interactions between plenty of droplets in spray combustion. Accordingly, combustion of the single droplet, either freely falling [11] [12] [13] [14] [15] [16] or suspended on a filament [16] [17] [18] [19] [20] [21] with controlled diameter have been exploited to reveal droplet burning behaviors and fundamental processes of cenosphere formation. Bomo et al. 13 studied cenosphere formation during pyrolysis of HFO droplet, and their results showed cenospheres were formed at much lower temperature than soot.
Cenosphere was yielded from each single droplet, rather than from carbonization of fuel at the gas/liquid interface, and it was more dependent on the chemical structure of asphaltene than on its amount. Clayton and Back 22 characterized physicochemical properties of cenospheres produced from an HFO fired power plant, and found typical large and small spheroidal, porous and hollow cenospheres with the diameter of 100-200 μm and 20-40 μm, respectively. They also found a relatively rich percentage content of V, S, Fe and Na in cenospheres which was a potential reason for high-temperature corrosion from their deposition on heat exchanger surfaces. Allouis et al. 23 presented similar results upon shape and surface elemental composition of particles emitted from HFO combustion. Bartle et al. 7 studied combustion of both suspended and freely falling HFO droplets with different asphaltene contents, and found that asphaltene presented in HFO was a major factor in the formation of emitted smoke including cenospheres. They also stated that asphaltene reduced ignition delay times, but did not influence the burning time of droplets. It is also well established that cenosphere formation is the net result of two processes: liquid-phase thermal cracking to form a shell and subsequent oxidation of the shell to form a hollow cenosphere 11, 22, 24 . The initial shell formation is strongly dependent on fuel properties while it is mainly independent on burning conditions. On the other side, the latter shell oxidation is largely dependent on the burning conditions while its burning behavior is mainly determined by the initial shell formation process which controls the mass and morphology of the shell 11 . Although, these previous studies on droplet combustion have obtained valuable information, there remains questions on composition evolution and formation of cenosphere under a wide range of reaction parameters.
Such information is very important to unravel the particulate matter formation mechanism or mechanisms during HFO combustion. However, to the authors' best knowledge, few studies focuses on the influence of a wide range of reaction parameters including droplet thermal path parameters (air co-flow rate and ambient temperature) and droplet properties (initial droplet size and droplet asphaltene contents) on cenosphere formation and composition evolution during HFO freely falling droplet combustion. Recently, the effect of the asphaltene content on the combustion of the HFO droplet 21 was investigated, however this work does not show the effect of the initial boundary condition and the effect of the thermal on the cenosphere formation.
In the current study, a droplet generator was developed to produce monodisperse HFO droplets. A high-speed camera imaging was used to determine the size and space of falling droplets.
Combustion of freely falling monodisperse droplets without the interference of droplet-droplet interactions was implemented in a drop tube furnace. The impacts of temperature, initial droplet size, air co-flow rate and asphaltene content on morphology, size and surface elemental composition of produced cenospheres was studied by using the field-emission scanning electron microscopyenergy dispersive X-ray spectra (SEM-EDX). Eventually, the pathway of different types of cenosphere formation was proposed based on behaviors of single suspended HFO droplet combustion.
Experimental

Materials
The HFO sample was collected from the Shoaiba power plant in Saudi Arabia. Elemental composition and physical properties of the HFO were determined by using a series of standard tests, and the results are listed in Table 1 . 
Initial droplet size calculation
A capillary droplet generator, which has been developed from the design of Green et al. 25 that was applied to high viscosity slurries, was used to produce monodisperse falling droplets of HFO in this study. It consists of a hollow main body, a capillary tube through which the HFO was fed, a fine inducing wire (the diameter of 75~100 μm) assembled at the tip of the capillary tube, and a carrier gas inlet connected to the hollow chamber of the generator as presented in Figure 1 . The capillary tube penetrates through the main body. Droplet diameter and spacing distance can be controlled by varying the capillary tube size, the HFO feeding rate, and the carrier gas flow rate. In this study, the inner diameter of the capillary tube was selected as 350 μm. The HFO was heated at 130 o C, and its feeding rate was 30~60 μl/min controlled by a high-pressure syringe pump (NE 8000
New Era Pump System). A mass flowmeter controlled the air carrier gas flow rate varying between The initial HFO droplet size and spacing distance produced from the capillary droplet generator were determined by using a high-speed camera system as shown in Figure 1 . The work principle of this droplet generator is similar to the film-based holography technique such that the diffusive sheet was illuminated by a cooperated light source, and the interference between the scattered light waves from the HFO droplet and the illuminated sheet was projected onto the charge coupled device (CCD)
sensor of the camera. The high-speed camera then recorded a sequence of freely falling droplets.
The camera frame rate and exposure time are 11 KHz and 100 μs, respectively. Figure 1 The high-speed camera system for calculation of initial HFO droplet size and spacing
One case is presented in Figure 2 to elaborate the calculation procedure of initial HFO droplet size and spacing. The scale of calibration ruler is 0.5 mm. The diameter of sequent freely falling droplets can be directly calculated by the calibration ruler. The droplet spacing distance can be calculated by the following equation:
where D represents the distance between two sequent droplets; t represents the recorded interval time between two sequent droplets; n represents numbers of the blank frames between two sequent droplets; R f represents the frame rate of the high-speed camera (11 KHz); V droplet means the droplet falling speed, which can be approximately calculated by the following equation:
where H means the corresponding height of the frame that can be calculated by the calibration ruler; t 1 means the time that the droplet passes through the recording area; n 1 represents numbers of the frames that the droplet passes through. Similarly, the spacing multiples of the diameter can be calculated by the distance divided by the droplet diameter. Freely falling droplet combustion of HFO was conducted in a laboratory-scale drop tube furnace, schematized in Figure 3 . It consists mainly of three parts: (1) a monodisperse droplet generation system, which has been characterized in Section 2.2; (2) a combustion system, which is composed of a three-stage temperature-controlled furnace and a quartz reactor (inner diameter: 134 mm; height: 1500 mm); (3) a quartz sampler, which is cooled by chilled water, and a glass fiber filter is placed at the bottom of the sampler to collect the produced cenospheres.
The quartz reactor was heated to the desired temperatures, and simultaneously the co-flow air was fed through four holes which were symmetrically distributed surrounding the central droplet entrance hole. The co-flow air was preheated at a setting temperature of 600 o C by an in-line heater (Sylvania heater, F074719, 8000 Watts). A mass flowmeter controlled its flow rate. A ceramic honeycomb was fixed near the air nozzle to uniform the air flow field. When the temperature stabilized, the droplet generator was switched on, and the generated droplets freely fell into the furnace to be burned. The flue gas was cooled by the quartz sampler, and then the cenospheres produced from droplet combustion were collected by the filter. The exhaust was then sucked to the fume hood by a blower. Eventually, the collected cenospheres were analyzed by an SEM-EDX method (FEI Quanta 600, USA equipped with EDAX APOLLO XL, USA) to understand the impacts of operating conditions and asphaltene content on cenosphere formation. To investigate the effect of asphaltene content on the cenosphere formation, HFO with varying asphaltene contents was also prepared. As shown in Table 1 , the asphaltene content of raw HFO is 8.2 wt%. The ASTM-D3279 standard was applied to extract asphaltene from HFO to produce different asphaltene contents of HFO samples. In brief, HFO was mixed into n-Heptane solution at a ratio of 100 ml of n-Heptane per 1g of HFO. The mixture was magnetically stirred and heated under a reflux condenser for 30 min. The cooled down dispersed mixture was then filtered using a gentle vacuum. The filter pad was pre-wetted with 5 mL of n-heptane. Afterward, the filters that contained asphaltene precipitate were dried in an oven at 110±5 o C for 30 min. The precipitate was then extracted from the filter using toluene, and the obtained solution was rotary evaporated to separate asphaltene from toluene. Eventually, the extracted asphaltene was used to produce the desired asphaltene content of HFO samples. The test matrix for the falling droplet combustion are listed in Table 2 . 
Experiment setup and procedure of single droplet combustion
To unravel the pathway of cenosphere formation during the HFO droplet combustion, suspended droplet combustion was also implemented as shown in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 gas flow rate. Figure 5(b) shows the droplet space distribution under different droplet generation conditions. The droplet spacing distance decreased with an increase of the flow rate of both HFO and carrier gas. The published literature stated that the droplets that were spaced at least 30 diameters 22 , even 60 diameters 11 apart could ensure their independent burning in the absence of interferences from the droplet-droplet interaction. As shown in Figure 5 (b), the current droplet spacing ranged from 190 to 800 times of the initial droplet diameter, which appears sufficient to avoid the droplet-droplet interaction interference. Figure 5 shows that the capillary droplet generator can well control the size and spacing of the HFO droplet. Thus, the HFO flow rate of 50 μL/min was further selected for the generator. In the current study, the droplets with different initial diameters were generated by varying the carrier gas flow rate, namely 698±77; 510 ±42; 460±40; 390±69 microns, to explore the effect of initial droplet diameters on the cenosphere formation. Table 2 with the initial HFO droplet diameter of 460±40 μm.
Type A is a common morphology that has been widely observed 22, [26] [27] [28] [29] [30] , and it has a carbonaceous and porous shell. Its size is smaller than the initial HFO droplet size.
The second type (Type B) is mentioned as globules in the work of Kwack et al. 27 whose diameter can even reach larger than that of initial droplet diameter. It is hollow inside and contains a skeleton and some bubbles. However, the globules show no blowholes at the surface as seen on the type A cenosphere. This structure is also observed by Moszkowicz et al. 31 during fast pyrolysis of heavy fuel oil droplets, by Gay et al. 28 during bituminous coals in a fluidized bed and by Wornat et al. 12 from single droplet combustion of pine oil.
The last type (Type C) has perfectly spherical and smooth morphology, whose diameter is much smaller than other two types of cenosphere, ranging from 10 to 100 microns. It is also hollow but does not present any porous structure on the surface. One interesting phenomenon should be mentioned here that most of the published studies 12, 22, [26] [27] [28] [29] [30] [31] on cenosphere formation only observed one or two types of morphology including larger hollow globules and medium porous cenospheres.
But in our current work, we observed three types of cenosphere morphology under combustion conditions without the interference of droplet-droplet interactions, including not only above two types but also this very fine type with a perfectly spherical and smooth structure. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of their initial droplet. Unsurprisingly, the mean diameter of cenospheres increased as the initial droplet size increases. Figure 7(b-d) shows that the mean diameter of cenospheres decreased as temperature and air co-flow rate increased, while it increased as asphaltene content increased. The further detailed explanation for the effects of these parameters on cenosphere size will be presented in the following Section 3.6. Table   2 . It should be noted here that only main elements of C, O and S are presented, whose contents range from 80 to 85 wt%, 5 to 13 wt%, and 4 to 8 wt%, respectively. The concentrations of the trace metals such as V, Ti, and Ni are very low that exceeds the limit of detection of EDX and they are not present here.
Evolution of C and O contents at the surface is an indicator of droplet combustion status. When the droplet combustion is enhanced, it means that the oxidation reactions with carbon at the surface of cenosphere are intensified. This intensified oxidation reactions could form more oxygen functional groups and oxides at the surface, leading to an increase in O content and a decrease in C content. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 As shown in Figure 8(a) , C content increased while O and S content decreased with an increase of the initial droplet size of HFO. This means that increasing initial droplet size of HFO could cause worse incomplete combustion, leading to lower degree of oxidation reactions and higher C content on the surface of cenosphere. Due to lower oxidation reactions, the formation of oxygen functional groups and oxides on cenosphere would be inhibited, resulting in O content decreasing on the surface. In other words, finer atomization of the HFO droplets was in favor of their complete combustion. A slight decrease of S content on cenosphere was due to the obvious increase of C content. Figure 8(b) shows that the increasing temperature promoted droplet combustion and enhanced oxidation reactions, leading to C content decreasing and O content increasing on cenosphere. The increasing temperature could also enhance sulfur oxidations to form more gaseous SO x products, causing a decrease of S content on cenosphere.
As shown in Figure 8 (c), the parameter of air co-flow rate affecting surface elemental composition does not present a linear relation. With air co-flow rate increasing, C content first decreased and then increased, while O content has a reverse trend. The effect of air co-flow rate on S content was insignificant. An in-line heater heated the co-flow air, and the increasing air co-flow rate would bring more heat into the entrance area of the reactor, enhancing droplet combustion. On the other hand, the increasing air co-flow rate would cause a shorter combustion residence time of droplet, worsening the incomplete combustion of the droplet. Thus, the interaction effect of these two factors led to the first rise and afterward fall of C content. It can be concluded that the co-flow air has an optimum rate for falling droplet combustion, as 90 slpm based on the current experimental conditions. 32, 33 . Its combustion reactivity is also much lower than lighter fractions. Thus, the increasing asphaltene content would also worsen incomplete combustion of HFO droplet, resulting in C content increasing and O content decreasing. Also, as well studied by Ancheyta 32 and Riazi 34 , S content is very closely related to heavy fractions (with low American Petroleum Institute (API) or high specific gravity) in petroleum mixtures, and most of S species are in asphaltene and other very heavy aromatics. Accordingly, the increasing asphaltene content could increase S content in HFO, and S content on cenosphere would increase. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 As shown in Figure 9 and Supplementary 1, the droplet with ignition would undergo five stages.
(1) Boiling and vaporization of lighter components starting at a temperature of 110 o C due to heat transfer from ambient to the droplet. In this stage, the droplet was slightly swollen due to continuous gaseous diffusion and vaporization, which causes an increase of droplet size and forms the first peak as shown in Figure 9 (b). (2) Devolatilization and cracking of heavier components starting at a temperature of 300 o C due to heat transfer from the surface to the interior of the droplet.
Meanwhile, some small fractions significantly splashed out from the droplet as shown in the transient images (Figure 9 (a) ). These both caused a successive decrease of droplet size in this stage. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 viscous shell. This viscous shell could prevent the escape of volatile components. Then the droplet was swollen again, which causes another increase of droplet size and forms the second peak as shown in Figure 9 As shown in Figure 10 and Supplementary 2, compared to the condition with the ignition, the droplet without ignition would undergo only four stages, excluding ignition and solid residue burning stages. The droplet size changing in the initial period is similar to the former condition.
However, if the amount of released volatiles was not within the flammability range, and the droplet was not ignited. Due to the absence of the ignition stage, the temperature rise and the heat transfer were much slower, leading to the stable and longtime swelling of the viscous shell. The slower heat transfer can also be verified by the peak corresponding time of around 6.8 s as presented in Figure   10 (b) which is around 1.7 s later than that presented in Figure 9 (b). Thus, the droplet size changing in the last stage was much different. Though the ignition did not occur, additional volatile components could also vaporize and accumulate due to an increase of the droplet interior temperature caused by heat transfer from the surrounding atmosphere. But due to much slower droplet interior temperature rise, the droplet swelling was much mild. The maximum droplet size in this condition was larger than in the former condition. Eventually, the accumulated volatiles would also slowly penetrate through some weak locations of the shell at a temperature of 600 o C based on the results of Figure 10 (c), and its weaker surface tension caused a low-intensity shell shrink. The final solid residue size here is larger than its initial droplet size and is also much larger than the final residue size in the former condition. Thus, this solid residue here can be concluded to form the type B (globule) cenosphere.
Furthermore, the small fractions splashing out from the droplet can be observed in both Figure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9(a) and Figure 10 (a) . These small splashing fractions can be concluded to form the small type C cenosphere with a perfectly spherical and smooth structure. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The pathway of the factors of temperature, air co-flow rate and asphaltene affecting cenosphere size presented in Figure 7 was also concluded as follow:
With the increase of temperature, the heat transfer from ambient to surface, and interior of the droplet was enhanced. Also, the subsequent vaporization, devolatilization, and diffusion were accelerated. The droplet was easier to be ignited, forming an earlier and more intensive diffusion flame. This diffusion flame could shorten the droplet shell swelling time and enhance the shell shrink, which decreased the cenosphere size.
With the increase of the air co-flow rate, the air surrounding the droplet became sufficient, causing an earlier and more intensive diffusion flame. This intensified diffusion flame, like above, could also shorten the droplet shell swelling time and enhance the shell shrink that consequently resulted in the smaller cenosphere size. Besides, the residence time of droplets inside the furnace varied as the air co-flow rate changed. The droplet residence time inside the drop tube furnace depends on the gravity, the initial droplet velocity, and air drag force around the droplet. To simplify the calculation of the residence time, here the air drag force of the droplet was supposed to be equal to its gravity due to the very small diameter of the droplet. Thus, the droplet was considered to move with a constant velocity. Droplet velocity near the nozzle of the generator was computed as 2.2 m/s from images of the high-speed camera by Equation (2) . At the temperature of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 As mentioned above, the viscous shell was formed by asphaltene in the droplet moving towards the surface and accumulating at the surface. This viscous shell formation prevented the escape of the volatile components. With the increase of asphaltene content, the viscous shell would be formed earlier, and the shell also became thicker and stronger. Thus, the generated volatiles were more difficult to penetrate through weak locations of the shell, and the shell swelling time was extended which increased the cenosphere size. Figure 11 The general pathway of different types of cenosphere formation
Conclusions
In the current study, we developed a monodisperse droplet generator to uniformly produce single droplets whose size and space were determined by a high-speed camera. The droplet size ranges from 390 to 698 μm, and the droplet spacing distance is larger than 190 times of average initial droplet diameter that could be sufficient to avoid interference from the droplet-droplet interaction. We then investigated the impacts of the wide range of operating parameters (initial HFO droplet size, temperature, air co-flow rate) and asphaltene content on cenosphere formation in a drop tube furnace which of the topic is not found to be reported in the existing literature. Excluding two familiar types of cenosphere, i.e., larger hollow globules and medium hollow and porous cenosphere, we found a fine cenosphere with a perfectly spherical and smooth structure in the collected cenospheres. The mean diameter of cenospheres ranged from 225 to 300 μm, nearly half of HFO initial droplet size. These reaction parameters had a linear effect on cenosphere size. Its mean diameter increased with an increase in both initial droplet size and asphaltene content, while decreased with an increase in both temperature and air co-flow rate. Also, they significantly influenced the evolution of the surface elemental composition of cenospheres. The surface contents of C, O and S ranged from 80 to 85 wt%, 5 to 13 wt%, and 4 to 8 wt%, respectively. All parameters 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 show a linear effect on the surface contents of C, O and S excluding air co-flow rate. The increase of initial droplet size and asphaltene content linearly enlarged C content and deduced O content at the surface of cenospheres, while that of temperature caused a reverse effect on C and O content. The increase of temperature enhanced droplet combustion while that of initial droplet size and asphaltene content inhibited droplet combustion. The non-linear effect of air co-flow rate indicates that it has an optimum rate for falling droplet combustion, as 90 slpm based on the current experimental setup. With the aid of the suspended droplet technique, we elaborated the detailed droplet combustion behavior and proposed a formation pathway of different types of cenosphere during HFO droplet combustion. The thermal pathway (time-temperature history) of the droplet corresponding to the different stages of the cenosphere formation was quantitatively defined. The fine cenospheres (type C) were yielded from small fractions splashing out from the droplets starting at a temperature around 300 o C. Formation of the porous cenospheres (type A) and the globules (type B) was dependent on droplet ignition at a temperature around 530 o C, namely the porous cenosphere formation was generated with droplet ignition while the globule formation was generated without droplet ignition. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
